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Non-covalent organocatalysis in asymmetric
oxidative C(sp®)—H bond functionalization —
broadening C—H bond coupling reactions
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Among the current huge development activities in C—H functionalization, asymmetric oxidative C(sp®)—H
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C-H bond functionalization has emerged as a powerful
synthetic method for the efficient and straightforward con-
struction of C-C or C-heteroatom bonds." In the last decade a
large number of practical applications of this C-H coupling
methodology have appeared. In this regard, oxidative C(sp®)-H
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bond coupling strategies have remained underrepresented. Beyond the initial examples using chiral metal
complexes, the use of organocatalysis provides a new direction for the design of new asymmetric C-H
bond cross-coupling reactions. This highlight focuses on the latest advances in metal-free asymmetric
oxidative C(sp®)—H bond functionalization using cooperative non-covalent organocatalysis.

bond functionalization, such as the cross-dehydrogenative
coupling (CDC) coined by Li, has attracted great interest.” This
type of chemistry is conceptually very simple and easy to
perform. From a mechanistic point of view, it implies an
initial substrate oxidation to form a cationic intermediate (or
in some cases a radical) that can then undergo a nucleophilic
attack to form the new C-Nu bond (Scheme 1)."* However,
one of the intrinsic selectivity issues in C-H functionalization
relies on the ubiquitous presence of C-H bonds in organic
molecules. Therefore, in order to attain high levels of regio-
and chemoselectivity, substrates such as 1,2,3,4-tetrahydroiso-
quinolines (THIQ), which possess a distinct prominent easily
oxidizable benzylic C-H bond alpha to a N-atom, have exten-
sively been explored.'” Although a large variety of nucleo-
philes have already been enrolled as reaction partners, there
is still a limited number of effective and synthetically valuable
enantioselective oxidative C(sp’)-H bond functionalization
processes.? In the earlier examples, a Cu-metal catalyst was
used in combination with a chiral ligand, such as BOX or
PyBOX, providing moderate to good enantioselectivities.>® On
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Scheme 1 Asymmetric covalent-organocatalysis approach.
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the other hand, the initial parallel studies by Prof. Nicolaou
and by Prof. MacMillan in the area of metal-free asymmetric
intramolecular oxidative C(sp®)-H couplings using SOMO acti-
vation of aldehydes with MacMillan-type catalysts and CAN or
[Fe(phen);](PF¢); as oxidants provided moderate to excellent
enantioselectivities (70-98% ee).” However, the intermolecular
reactions of C(sp®)-H bonds in the a-position of a nitrogen
atom with ketones proved to be more challenging, showing in
some cases to be inefficient (<20% ee) and irreproducible due
to fast product racemization processes.® Fortunately, several
efforts have proven that the appropriate choice of the sub-
strate, carbonyl nucleophile, oxidant and amino organocatalyst
can lead to high levels of enantioinduction (Scheme 1).°

Additionally, efficient bicatalytic systems that combine a
metal and an organocatalyst have also been recently deve-
loped.’® Among those combinations, several amines,"*” hetero-
cyclic carbenes (NHC)'*? and thioureas'® have synergistically
been employed with copper salts or metal-based photoredox
catalysts. The metal catalyst is generally added to promote the
oxidation of the substrate, but in some cases it is also involved
in the asymmetric step. The few examples using non-covalent
organocatalysis are quite appealing since they opened new
opportunities for a broader nucleophile scope and the develop-
ment of novel enantioselective reactions. Thus, other non-
carbonylic nucleophiles can now be also enrolled. However,
due to multiple possible positioning and coordination points,
the control of non-covalent interactions still represents a great
challenge. Consequently, complete metal-free processes are
still quite rare within these types of interactions.">'* Herein,
the two latest approaches based on non-covalent bifunctional
organocatalysis by hydrogen bonding'' and anion catalysis'>
are highlighted (Scheme 2).
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Scheme 2 Non-covalent bifunctional organocatalysis approaches.

Intermolecular C—-C bond forming
reaction

Prof. Wang and coworkers"" reported the use of a bifunctional
quinine-thiourea 1'* for the coupling of N-aryl-THIQs 2 with
o,p-unsaturated N-Boc y-butyrolactam 3 to produce Morita—-
Baylis-Hilman (MBH) products 4 (Scheme 3). In this strategy
the use of the bifunctional catalyst 1 allowed the simultaneous
activation by deprotonation and orientation by H-bonding
with the nucleophile. From the tested oxidants DDQ proved to
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organocatalysis in

be the most efficient for this transformation, providing good
to excellent enantioselectivities (up to 93% ee) with a variety of
electron-rich N-aryl THIQs.

Although a highly selective a-alkylation was observed, based
on previous work with the nucleophile 3, a MBH mechanism
was ruled out." In order to explain the regio- and enantio-
selectivity, the authors proposed a mechanism in which, after
deprotonation of the y-butyrolactam, a H-bonding interaction
with the catalyst takes place. However, an unconceivable
H-bonding interaction of the thiourea group with the positively
charged nitrogen of the THIQ-iminium intermediate I was pos-
tulated. A more plausible mechanism implying a multiple
hydrogen bonding between the catalyst and the nucleophile is
depicted in Scheme 4. In one hand, the oxidation of THIQs
with DDQ to form the reactive iminium salt I is well known."™
On the other hand, whereas the deprotonation of 3 with ter-
tiary amines such as DABCO or quinuclidine has been
described,"* its exact activation by the cinchona-thiourea cata-
lyst is still unclear. A reasonable H-bonding interaction
between the protonated quinuclidine unit and the deproto-
nated reagent can be envisioned. Furthermore, the additional
capture of the nucleophile might be possible by H-bonding
between the thiourea moiety and its Boc protecting group to
form the species II. This might be translated to a more
effective orientation and shielding of the reagent for the selec-
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Scheme 4 A revisited plausible mechanism for the cinchona thiourea-
catalyzed asymmetric C—H coupling of THIQ with 3.
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tive approach to the iminium electrophile, explaining the high
enantioselectivities observed.

Intramolecular C—N bond forming
reaction

Recently, Toste’s group made a great breakthrough in asym-
metric organocatalyzed C-H functionalization (Scheme 5).*?

this case, the in situ generation of a chiral close ion-pair'® with
an anionic catalyst by getting advantage of the cationic charac-
ter of the oxidation-intermediate 5 was exploited. Thus, a
chiral counter ion could be introduced by anion exchange
between a chiral anion and an ionic oxidant (e.g. [Ox]'X”) or
the iminium salt generated in the first oxidation step. For that
reason chiral triazole-containing phosphoric acids (PA)

derived from BINOL were employed as precatalysts.’® The
active catalyst, the corresponding phosphonate, was generated
in the reaction media by addition of a base such as Na;PO,. To
prove the concept, the intramolecular amidation of N-aryl sub-
stituted THIQs 7 was chosen as the target reaction using as
oxidant a TEMPO-derived oxoammonium salt (4-acetamido-
2,2,6,6-tetramethyl-1-oxopiperidin-1-ium tetrafluoroborate, 4-
AcNHT'BF,")."”"® The multifunctional nature of the catalysts
was carefully designed in order to enhance the positive inter-
actions between the substrate and the catalyst. Thus, the 1,2,3-
triazole units present in the catalyst at the 3 and 3’ positions™®
could additionally participate in an attractive interaction with
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Scheme 5 Chiral phosphate catalysis in C(sp®)—H functionalization.
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Scheme 6 Proposed mechanism for the phosphate-catalyzed reaction.

the iminium intermediate and, therefore, lead to an efficient
chirality transfer. Consequently, moderate to excellent enantio-
selectivities were achieved (up to 95% ee).

Interestingly, well-established simple PA catalysts designed
only to create a sterically hindered environment around the
active acid-site failed to provide effective chirality transfer.
Although the main task of the substituent at the triazole in the
used PA catalyst is also to be steric, positive n-m interactions
between the substrate and the triazole ring were also proposed.'?
Kinetic isotope effect (KIE) studies and library-trend analysis led
to the mechanistic hypothesis shown in Scheme 6. Different KIEs
were observed using the (R)- and the (S)-PA, suggesting that the
catalyst should be already involved in the oxidation step. Thus,
the anion exchange might have occurred between the oxoammo-
nium salt and the catalyst prior the oxidation of the substrate 7
to the iminium intermediate 5 (Scheme 6, left).

Conclusions

Considering the current importance of direct C-H bond
functionalization towards more efficient and sustainable syn-
thesis, the use of organocatalysis for the development of
efficient asymmetric strategies provides a valuable alternative
to transition-metal catalyzed approaches. In this highlight, two
effective methods based on multiple H-bonding and a synergetic
combination of Coulomb and m-m-interactions have been pre-
sented. Although the control of supramolecular non-covalent
interactions constitutes a fundamental challenge, non-covalent
organocatalysis offers high flexibility and unique cooperative fea-
tures that will allow the design and discovery of novel asymmetric
oxidative C-H functionalization reactions. Thus, significant
future advances in this field using multifunctional non-covalent
organocatalysis are certainly expected in the next few years.
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